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( ROSS-REFERENC E TO RELATED APPLICATIONS 

This application claims priontv from U.S. provisional patent application (>() I7".'M2. 
filed January 25. 20(H) and U.S. provisional patent application (>(> 205.73(>. tiled May 
2000. The contents of both provisional applications are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

The inv ention relates to optical methods and means for determining and or verifying 
the geometric dimensions of precision-engineered parts. 

The fabrication of precision-engineered components is governed by standard practice 
in geometnc dimensioning and tolerancmg (GD&T). Metrology for GD&T requires accurate 
determination of surface form as xv ell as relationships between part surfaces. The metrology 
must be accurate and conform to international standards, and preferably takes no more than a 
few seconds. Surface forms of interest include, for example, opposing plane parallel surfaces, 
orthogonal plane surfaces, disconnected planar, cylindrical and spherical surfaces, and 
component surfaces of an assembly. 

SUMMARY OF THE INV ENTION 

The invention features optical systems and methods that determine absolute positions 
points on potentially disconnected surfaces on a test part with respect to a common 
eterence frame. Such systems and methods allow a user to verify, for example, that the 
location, relative orientation, and form of part features conform to specifications. 

The invention includes an optical system having one or more optical profilers adapted 
to x 1C u a lest part from different perspectives, bach profiler ,s capable of mcasunn, absolute 
posmons of surface points in three dimensions with respect to a coordinate system local to 
each profiler. The invention further includes initialization and calibration procedures to relate 
ilie coordinate systems of each profiler to the other, so as to relate each measured surface 
position to all others. Such procedures can employ, for example mechanical standard 
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,n,lacls or a distance measuring laser interferometer, to provide information re.ardiu, the 
.,,,:;,,„„ a,Kl relamc orientation oi the two corresponding optical profiler coordinate 
w stems. Suitable optical profilers include tnangulation s> stems, time of flight s> stems, and 
optical interferometers, such as height-scanning interferometers, which em P lo> mechanical 
„ r equivalent scans perpendicular to the surface to obtain a localized (e.g. coherence-limited , 
interference pattern for each image pixel. As described in greater detail below . i,c„lu- 
scannmg interferometers that employ infrared sources can be particular^ ad-, amadou ■ :u>, -, 
uorkmg with test parts having relative!} rough surfaces. 

In uencral. in one aspect, the imenlion features a method for determi.ung a geometric 
property of a test object. 1 he method includes: mterlerometncallv profiling a first surlacc of 
,he test object with respect to a first datum surface: mlcrlerometncally profiling a second 
surface of the test object m a second coordinate system with respect a second datum surlacc 
different from the first datum surface: providing a spatial relationship between the firs, and 
second datum surfaces: and calculating the geometric property based on the 
nuerferometncally profiled surfaces and the spatial relationship between the firs, and second 
datum surtaces. 

Embodiments of the method can include any of the following features. 

The interlerometnc profiling of the first surface can provide a distance to each of a 
pluralnv points on the first surface from a corresponding point on the first datum surface. 
Similarly, the interlerometnc profiling of the second surface can provide a distance to each 
„,■;, plurality points on the first surface from a corresponding point on the first .latum M.riaee. 

( ,ne or both of the datum surfaces can be a portion of a plane, a eurv ed surlacc. or 

iki\c u structured protile. 

| he first surface of the test object can be spaced Iron, the second surlacc. 1 he first 
,nd second surf aces can correspond to opposite faces of the test object. 1 he firs, and second 
surfaces can correspond to adjacent faces of the test object. The first and second surfaces can 
,v adjacent faces separated by a step height. The first and second surfaces can be displaced 
„. om onc imolhcl . b> a distance greater than a range of the interlerometnc prolllin, u« the hrM 
,urtace and greater than a range of the interlerometnc profiling of the second surface. 

The interlerometnc profiling of the first surface can include directing elcctroma,ncuc 
Jlalloll l0 the first surface along a first direction and the interlerometnc prolilin, of the 
.1 surface includes directing electromagnetic radiation to the second surface along a 
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vcoikI direction different from the lirst direction. I he interlerometric profiling of the lir a 
.in lace can include positioning the lesl object relative to an inlcrfcromciry. system ami die 
micrfcromclric profiling ot the second surface includes repositioning the lesl object relative 
h. ai least one component of the inlcrfcromciry system, l or example, the repositioning o! the 
[C si object relalix e to the intcrfcrometry system can include mo\ ing the lest object or mo\ mg 
the at least one component ot the interfcroniclrv system. In the kilter case, llie nielhod can 
further include measuring the mov ement of the at least one component of the inlcricromeip. 
astern to determine the spatial relationship between the first and second datum .ui.uv: . 

The relationship between the first and second datum surfaces can be defined b\ a 
distance between corresponding reference points on the first and second datum surfaces and 
l\vo anules defining a relative orientation of the first and second datum surfaces. 

The method can further including determining the spatial relationship between lite 

fust and second datum surfaces. 

I or example, determining the relationship between the first and second coordinate 
swem can include: inlerferomcirically profiling a first surface of a reference object with 
respect to the lirst datum surface: intcrferometricallv profiling a second surface ol the 
reference object with respect to the second coordinate system: pro\ idmg at least one 
calibrated dimension for the reference object: and calculating the spatial relationship between 
i he lirst and second datum surfaces based on the profiled surfaces and the at least one 
calibrated dimension. The reference object can be selected according to approximate 
dimensions of the test object. 

The method can further including determining the spatial relationship between the 
lirst and second datum surfaces based on at least one interlerometric displacement 
measurement, l or example, the spatial relationship can be determined based on the ai least 
one interlerometric distance measurement and an initial calibration. The method can further 
i„ c i u dc adiusiing at least one of the lirst and second datum surfaces lo accommodate tlte 
micrfcromclric profiling olThe first and second surfaces of the lest object and 
mte.Tcrometricall) measuring the adjustment olThe at least one of the first and second datum 
surfaces to determine the spatial relationship between the lirst and s^ond datum suffices. 

I he spatial relationship can also be determined by: intcrferometricallv prohlmg a 
first surface of a initialization artifact with respect to the first datum surface: 
micrfcromctncallv profiling a second surface of the initialization artifact with respect to the 
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second datum surface: calculating an initial spatial relationship between the hrsi and second 
daluin surfaces based on at least die profiled surfaces of the mitiali/alion anilact: ad;i, m:!" 
die first and second datum surfaces to accommodate the lust and second aa ia^e ^; :ue ;e .; 
i.hjeel: and 1 nterferometrical l> measuring at least one displacement corresponding to the 
adjustment of the first and second datum surfaces, for example, the lirst and second suriaccs 
;d the initial i/ation artifact can he the front and hack of a common interface, furthermore, 
the method can prov ide at least one calibrated dimension lor the initialization artifact, and the 
calculation of the initial relationship can be based on the profiled surfaces of the initialization 
artifact and the at least one calibrated dimension. 

The geometric property can be any of: flatness of the test object: thickness ot the test 
object: parallelism of the test object: a step height: the angular orientation of the first surface 
relative to the second surfaces (e.g.. perpendicularity of the first and second surtaces): and 
roundness of the test object. Often, the geometric property is defined by positions m a 
common coordinate sy stem of a plurality of points on the first surface and a plurality ot 
points on the second surtace. 

I he interferometric profiling of at least one of the first and second surtaces can 
include any of: performing scanning- white light interierometry: performing intrarcd. 
scanning interierometry: performing scanning MI SA interierometry : performing scanning, 
-razmu-incidence interierometry: and performing multiple wavelength interierometry 

I he test object can also be partially transparent and the geometric property can relate 
to the positions of points on opposite sides of the partially transparent test object. The first 
and second surfaces of the test object can be interferometrically prof led from a common side 
and the first and second datum surtaces can be spaced from one another by a distance greater 
than a profiling range r| of an interierometry sy stem used for the interferometric prolilmg 
steps, f urthermore, the interierometry sxstem used tor the interferometric profiling steps can 
include a reference object hav ing a partially rctlectne. first surtace and a rellccii\c. second 
surface, the first surtace defining the first datum surtace and the second surtace detinue the 
second datum surface. 1 he spatial relationship can be defined h> the spatial separation 
between the first and second surfaces of the reference object. 

In general, in another aspect, the invention features an apparatus tor determining a 
geometric property of a test object. I he apparatus includes: means tor interleromeirieaiiy 
profiling a first surface of the test ohjecl with respect to a first datum surtace: means tor 
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mlcricromclricalK profiling a second surface of the lest object with reject i 
datum surface dilfcrcnl from the lirst datum sWem: and means for ealeulatupj the -eomein, 
properl\ based on the mlerleroinemealK profiled surfaces and a spatial relationship ivtweeu 
the first and seeoiul datum surfaees. I he apparatus ean further include means Um 
delermminu the spatial relationship between the first and second datum surlaees. 

In Licncral. in another aspect, the inv ention features an apparatus lor dcicmiimii'j a 
.'eometric propert\ of a lest object. I he method includes: an inlerlerometrie proum:-.- 
■Astern which during operation inlerlerometricall\ profiles a lust siirlaee ol the test ooieci 
with respect to a first datum surface and inlerferometricalK profiles a second surlace ol the 
lest obieel with respect to a second datum surlace different from the first datum surlace: and 
an electronic processor coupled to the interferometnc profiling system, w herein during 
operation the electronic processor calculates the geometric property based on the 
inicrlerometrically profiled surfaces and a spatial relationship between the first and second 
datum surlaees. 

fmbodimcnls of the apparatus can include any of the features described abo\c 
relatiiiL! to the method as well as any of the following leatures. 

The mterlerometric profiling system ean include a mount lor supporting the test 
obiect. wherein the mount is adjustable between a first position for exposing the first surface 
the lest obiect and defining the datum surface and a second position lor exposing the 
surface of the test object and defining the second datum surface. 
The inlerlerometrie profiling system can includes an inlerlerometrie optical proliler 
liavinn a first v iewing port for viewing the first surlace ol'lhe lest object and a second 
v lewmg port lor viewing the second surface ol'lhe lest object, l or example, the optical 
profiler can include a first camera positioned to record a field of view lor the first view, im- 
port and a second camera positioned to record a field of view for the second viewing port. 
Alternatively, the optical profiler ean include a camera positioned to record a split field ol 
view for the first and second viewing ports. The optical profiler can include at least one 
source of fM radiation. I he optical prolllercan further include a first optic positioned io 
direct a first portion ol the l .M radiation towards the first viewing port and a second portion 
ol'lhe I NI radiation towards the second \ lew ing ports, f or example, the first optic can he a 
ream splitting optic positioned to relied the first portion ol the 1AI radiation towards the 
iirsi v icwmg port, relied the second portion of the HM radiation towards the second \ icwin 
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poll, and transmit at least one additional portion of the incident IM radiation through the 
beam splitting optic. The optical profiler can further include a rellcctive reference surlace 
positioned to receive the at least one additional portion of the incident f M radiation 
iraiismitted through the beam splitting optic. furthermore, the optical profiler can include a 
transducer coupled to the rellecti\e reference surface lor scanning the position ■.-■[ in- 
lvllcctiv c reference surlace. 

I he optical profiler can include a first \ icwing port optic supported b> a first nio\aPie 
sia-e. the llrsl viewing port optic positioned to direct at least one part of the lirst portion ol 
the I M radiation tow ards the fu st surlace of the test object and the first movable stage 
adjustable to accommodate the interierometric profiling of the first surface of the lest object, 
furthermore, the optical profiler can include a second viewing port optic supported b\ a 
second movable stage, the second \ icwing port optic positioned to direct al least one pari ol 
the second portion of the I'M radiation towards the second surface of the test object and the 
second movable stage adjustable lo accommodate the interierometric profiling ol the second 
surface of the test object, l or example, the first rellcctive optic can be a roof mirror. I he 
optical profiler can further includes a first fold mirror for further directing the at least one 
part of the first portion of the MM radiation towards the first surlace of the test object. I'he 
apparatus can also include a displacement measuring interferometer positioned to measure 
changes in the spatial relationship between the first and second datum surfaces caused h> ai 
least one of an adjustment to the first movable stage and an adjustment to the second 
mov able stage. 

I he inierferometric profiling system can include a first interierometric optical profiler 
for viewing the first surface of the test object and a second interierometric optical profiler for 
viewing the second surface of the lest object, for example, the first optical profiler can be 
movable relative to the second optical profiler lo adjust the spatial relationship between the 
first and second datum surfaces. l ; urihermore. the apparatus can include a displacement 
measuring interferometer positioned to measure changes in the spatial relationship between 
ihe first and second datum surfaces caused by relativ e movement of the fu st and second 
optical profilers. 

The interierometric profiling system can also include a moveable stage adjustable 
from a first position defining the first datum surface to a second position defining the second 
datum surface. 
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The apparatus can further include a gauge object haung first and second suriaccs. ihc 
llisi surface boiiiLi positioned to be profiled b\ the interferonielric profiling swem with 
respect to the lirst datum surface and the second surface being positioned to he prohlcd b> 
ihc inlcrlcromciric profiling s\siem with respect to the second datum surlace. iu such 
embodiments, the electronic processor can determine the spatial relationship between the tirsi 
and second datum surfaces based on interlerometric profiling measurements ol the hist aiki 
second surfaces of the gauge object provided by the first and second optical profilers and. i: 
necessaiA. at least one calibrated dimension lor the gauge object. furthermore, in some 
embodiments, the gauge object can be positioned to be in a field of view ol the 
ID inlerferometric profiling system during the interlerometric profiling of the test obieei. 

I lie apparatus can further include a displacement measuring mlerlci omcier po.iiioucu 
to measure the spatial relationship between the first and second datum surlaccs. 

I he electronic processor can use at least one \alue indicative ol IVOR dispersion in 
the inlerferometric profiling system and the test object to calculate the geometric propcrt) . 
15 In general, in another aspect, the invention features an apparatus for determining a 

geometric property of a test object. The apparatus includes: an interferomclric profiling 
svstem which during operation interferometrically profiles a first surface of the lest object 
with respect to a first datum surface and inierferometricalK profiles a second surface ol the 
lest object with respect to a second datum surface, wherein the interferonielric profiling 
20 sxstem includes at least one movable stage for adjusting the position of the lirsi datum 

surface and the second datum surface: a displacement measuring interferometer positioned io 
measure a change in a relative position of the first and second datum surface caused by an 
adjustment to the at least one movable stage: and an electronic processor coupled to the 
inlerferometric profiling svstem and the displacement measuring interferometer, u herein 
s during operation ihc electronic processor calculates the geometric propcru based on the 

mierlerometrieall\ profiled surfaces and the relative position of the first and second datum 
surlaccs. 

fmbodimcnts of this aspect can include any of the following lealures. 
The interlerometric profiling system can includes a second moveable stage, and 
;<i during operation the first-mentioned movable stage adjusts the position of the lirst datum 

surface and the second movable stage adjusts the position of the second datum surlace. 
\lternati\ elv. the at least one movable stage can include a first movable stage adjustable 
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from a first position defining the first datum surface to a second position del 
dal am Mirlaee. 

I he displacement measuring interferometer can pro\ ide multiple axes ol 
measurement (e.g.. 2 or }). I he scanning interleromeirie profiling s\stem can use mlrared o 
\ isihle wavelengths. 

In general, in another aspect, the invention features a method tor determining a 
geometric propertv of a test object. The method includes: profiling a first surface of the test 
objeel m a first eoordinate system: profiling a second surface of the test object m a ^xo\k\ 
coordinate svstem different from the first coordinate system: determining a spatial 
relationship between the first and second coordinate svstem based on at least one 
miericrometric distance measurement: and calculating the geometric propern based on the 
profiled surfaces and the relationship between the first and second coordinate s\ stem. 

In general, in another aspect, the invention features a method lor determining a 
geometric propertv of a test object. The method includes: interlerometrieally profiling a lir 
surface of the test object with respect to a first datum surface: interlemmelrieail>- profiling a 
vcond surface of the test object with respect to a second datum surface different irom the 
first datum surface: determining a spatial relationship between the mterteromelricalb 
profiled surfaces which accounts tor IVOR dispersion: and calculating the geometric 
propcm based on the interferometrically profiled surfaces and the spatial relationship 
In general, in another aspect, the invention features an optical profiling system 
including: a broadband source: a scanning interferometer which during operation directs a 
first wavefront along a reference path including a partially reflective first surlace and a 
1V licet ivc second surface and a second wavefront along a measurement path contacting a 
measurement object, and. after the second wax efront contacts the measurement objeel. 
combines the wa\elronts to produce an optical interference pattern: a detector producing 
interference data m response to the optical interference pattern: an electronic processor 
coupled to the detector for analyzing the interference data: and a scanning controller couple 
to the scanning interferometer and the electronic processor, wherein during operation the 
.canning controller causes the scanning interferometer to adjust the position ot the iirst ana 
second surfaces. In some embodiments, the partially reflective first surface of the scanning 
interferometer defines a first datum surface and the rellective second surlace defines a 
^xo\k\ datum surface, and during operation the electronic processor calculates a geometric 
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propcrt\ ot the test objcci based on the interference dala and a relationship between ihc m a, 
.iikI second dauini siirlaccs. 

Fmbodiments ol the .mention include many advantages. I or example, ihe> can 
proMde high data densily. absolule surface topograph) maps of two or more surfaces ol a lesi 
pan with respect lo a common at- coordmale system. Such topography maps can be used to 
\cnf\ that ihc geometric dimensions ol precision-engineered parts conform in .pccilica 
loierances. 

Other aspects. advantages, and features of the invention follow. 

BRIEF DKSC'RIPTION OF THE DRAWINGS 

Figure 1 is a drawing illustrating common definitions for flatness and parallelism. 

l-'iuure 2 is a drawing illustrating a part thickness measurement. 

F i l; Lire 3 is a draw ing illustrating another part third thickness measurement. 

figure 4 is a drawing illustrating a slep-heighl measurement. 

1 i mire 5 is a schematic draw ing of a two-sided all-optical I I P system. 

Figure (> is a schematic drawing of a single-sided optical f IT using a surface plate lo 

simulate the part datum. 

Figure 7 is a schematic draw ing ol'a calibration using a gage block. 

I njure 8 is a schematic draw ing of a simultaneous part measurement and system 

calibration using a gage block. 

f igure 9 is a schematic draw ing of a calibration using a displacement measuring 

interferometer. 

Figure 10 is a schematic drawing of a structured optical profiler datum for use m 

measuring a step height. 

f igure 1 1 is a schematic draw ing of a structured optical profiler datum for use in 

calibration. 

1 ioure 12 is a schematic drawing of a structured optical prolller datum lor mea.-iirm-j 
ihc relationship between eur\ed siirlaces. 

I i l; lire \?> is a schematic draw nig of a optical profiling s\stem from measuring siep- 

Sieighl. 

figure 14 is a schematic draw ing of a optical profiling system from measuring step- 
height and thickness. 
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I i-uiv 15 is a schematic drawing ol'an optical profiling system measuring Harness 

and perpendicularity. 

1 ,<jurc 16 is a schematic drawing of a calibration of the optical profiling system ol 

1 igure 1 5. 

I nunc 17 is a schematic drawing ol'an optical profiling gcomctr. mca .a: m;' :.::'.!:-" ■ 
mickiiess. perpendicularity, and orthogonality if I l'» >)• 

1 is-mv IS is a schematic drawing of the camera image lor the -eoincii;. ol I ■ i 1 1 re i: 
1 agure 1" is a schematic drawing ol'a profiling system measuring orthogonality 
figure 20 is a schematic drawing of an 1 IIH) profiling system, 
l 'igure 21 is a schematic diagram of an infrared scanning height measuring 

interferometer. 

lrgure 22 is a schematic diagram ol'an f 1 1> optical profiling system lor measuring a 

partially transparent test part. 

figure 23 is a perspective diagram ol'an infrared scanning l ; 1 1' system using a gage 

block for calibration. 

f igure 24 is a schematic diagram of an I I P system using structured profiler datums. 
figure 25 is a schematic diagram ol'an 1R scanning IIP system using a DM I for 
ilibration. 

figure 26 is a llow chart describing operation of the IR scanning 11 I' »>Mcm ol 
1 igure 25. 

Imure 27 is a schematic drawing ol'a mo-beam Michelson interferometer. 

ligurc 2S is a graph illustrating interferometnc coherence profiling data and the 
effects otTC'OR and PCOR dispersion. 

l 'igure 29 is a graph of interferometnc phase as a function of wave number to 
illustrate to the effects of Pl'OR and PCOR dispersion. 

1)1 I All. I I) Dl S( RIPTION 

The .mention features optical systems and methods that determine absolute position- 
al points on potentially disconnected surfaces on a test part uith respect to a common 
reference frame. ( )f particular interest are opposing plane parallel surfaces, orthogonal plane 
surfaces, disconnected planar, cylindrical and spherical surfaces, and component surfaces of 
■ m assembly. In what follows, first we will describe measurement retirements and how 
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mtcifcrometric profilers can perform such measurements, then calibration is 
either gage blocks or a laser to establish ih.ckness and parallelism scales. 1 hen sample 
,wems \m1I be described, followed b> a discussion of additional embodiment. 



Measure moils 

( Mien one wants to verily that machined parts conform to Ul)^ I specifications in 
accordance with national and international standards lor engineering drawing. I he ASMI 
document Y 14.5M-1W4 (the "ASMI Standards-) defines 1 practice in the 1 S. The 
definitions contained in the ASMI- Standards relate closely to the wav a skilled machinist 
uould manufacture, verily and assemble parts, f or example, for a part having opposing 
plane parallel surfaces, specifications of interest include Hatness. thickness. a.Ki parallel. .... 
if I I'). 

An an example, a llainess tolerance usually specifies a /one defined h> two parallel 
planes wilhm which a surface must lie. Iterativ e fitting of tw o parallel planes is used to Unci 
the minimum separation encompassing all of the data points. 

A parallelism tolerance oiten specifics a /.one within which a surface lies, defined by 
,wo planes both parallel to a datum plane. Figure 1 summarizes Harness (I ) and parallelism 
, |>, for an example part having two opposing surfaces v : and X, The datum plane U is a 
theoretically exact plane in contact w,th the lower surface or u designated feature X; of the 
part. Parallelism is the minimum separation of two planes parallel to the datum O thai 
contain the entire upper surface 1 2 of the part, bvidently. the parallelism tolerance is greater 
than or equal to the llainess tolerance. 

There are several relevant interpretations of thickness consistent with vil)«fc I : 

Thickness 1 Profile with respect to a datum: One approach is to tolerance a profile 
„,,h , v .pcct u, ,hc nan datum U in figure 1 . I hi, dalum-rclerenccd profile tolerance 
incorporates the basic dimension from surface X to surface I , l or the purpose of sorting the 
par, according to thickness, the measured thickness may be considered the av erage distances 
horn the datum O of the two planes used to verify the parallelism of surface I ■ with respect 

to the designated surface \ \. 

Thickness 2 - Actual local si/e: A second possibility associates thickness with actual 
local si/e. which is the value of any individual distance at am cross section of a feature, as 
,h„wn in f igure 2. e.g.. local si/.e values / , ; v Actual local si/e does not involve a 
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reference to a datum. We propose to take the average of the maximum and minimum actual 
local m/c and call this measured thickness. In this case, and onl\ in this ca-c. :i i po-.;!>!c ■ 
iia\c the thickness tolerance he smaller than the parallelism tolerance. 

Thickness 3 Si/e: Yet a third interpretation of thickness is to consider n a s\noii\m 
lor part si/e. ( )nce again, part si/e does not involve a reference to a datum. Rather, the 
definitions of Y1MF (maximum material condition) and I \K (minimum material condition) 
control part size. The MMC corresponds to the largest allowable separation of two parallel 
planes entireK containing the part. It is therefore the analog of flatness applied to the entire 
part. The 1 \IF corresponds to the smallest allowable separation of an\ two opposing pom; ^ 
on surtaces X| and X : . [ he average of the LMC and the VI MC and is a third possible 
definition of thickness (figure 3 I. 



Parameter Minimum optical mctrolouy re quiremen t 



Relative stnfacc topograph} maps ol'botli sid.es ot'thc pan. 
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Relative distance Ivluivii ail> point on the map with respect to a ■.latum mam' c mmMmo i ■: 
k-.i 'jnalo.t Miriacc 

M^olutc dmtancc between ;m> point on the map with respect lo a datum plane established In the 
^Ics.muitcd sni'lacc 



Absolute distance between an\ two points on the two opposing surlaccs Iiawim ihc same 
.V. \ ' position. ^ . . 



I Im knc - > ; Absolute surface topograph) maps of both sides o! the part witli aspect to a common A\ U_ 

: co ordinate s\ stem. _ ... . . 

Table 1 

As illustrated in Table I. to accommodate ail of these potential CiU&T definitions into an 
optical FIT measurement system, one distinguishes between rclitiivc surface topograph) 
measurements, which may have an arbitrary constant offset, and absolute measurements, 
which do not ha\e this ambiguity. I a idently. the thickness definition 3 drives the 
requirements. If we collect all of the data necessary to calculate part si/e. then we have all o 
the information necessary for all of the other tiD&T characteristics. We also have all of the 
nccessarv data to satisfy virtually any other meaningful definitions of 1 IT. Therefore, it is 
ad\ antageous to ha\ e a metrology tool that provides high data density, absolute surface 
topograph) maps of both sides of a test part with respect to a common coordinate system. 
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Similarb. for other applications, it is ad\ anlagcous lo ha\c a mclrolog\ tool thai 
pro\ ides high data densin. absolute surface topography maps of disconnected surlaccs 

I .1,. of a test part with respect lo a common coordinate s\stem. I or example, the 
disconnected surfaces may separated from one another by a step height, and the 
measurements of interest fur the pari may include Harness, parallelism, and the step-he l 1 

I I I'-l 1 > of the disconnected surfaces, as illustrated m figure 4. l or example, one ol the 
, m laces, cl:.. 1- | . could he lit to a plane to deline the datum surface, and the step nciglil 
could he defined as the average of the highest and lowest point on the recessed surface 1, ; 

with respect to this datum. 

As described further below, additional measurements of interest include the 
orthogonality of different part surfaces, or more generally, the geometric relationship of one 
part surface (e.g.. a planar, curved, or structured surface) lo another pari surface. (icneralh. 
Mich ueometric properties can be determined by measuring positions in a common coordinate 
-,\slem of a pluraht) of points on the first surface and a pluralil} of points or, 
sui'lace. 
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( )pii cal 1 1 1* Systems 

f.mbodimenls of the present invention make use of optical profilers to measure a 

height /?,/v within a restricted range // for any given point x.y on a surface I w ith respect to 
an optical profiler datum //. for example, such height measurements are characteristic of 
scanning height-measurement interferometers, e.g.. the New View 5<><><i I'rom Ago Corp. 
i \ 1 iddlelow n. CT>. lor which // is the PowT oc scan range of 100 microns. The position and 
ntalion of the New View optical profiler datum are related lo the starting point of the 

scan as w ell as the locations of all optical components that influence the peak fringe 
contrast position. I sing two such optical profilers to profile two part surfaces and 
two corresponding optical profiler datums //,. //; lor the profiling, provides inlorma 
.ullicient for I I P. ITI1. and other such geometric part properties. 

figure ^ illustrates an all-optical 1 IT measurement involving two surface height 
profile /,,.,, .//„., , taken either by independent optical profilers or b> one profiler ha\ mg 
two opposing viewing ports. The two planes labeled (//, ) are parallel lo //,. Knowing the 
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relationship hemeen the two optical profiler datum planes //,. //.- by means of a prior 
calibration, uc can reference both Mirfacc profiles lo a common plane, e.g. //.: 

// //iL ,(.v.r) />„,„_, • /':/.:..( v. r) . .v tanK,,,, ) rtan( //„,„. ) . (D 

| | C1V /) /v/ , is the distance from//, to //, at a 0. y <>. and "„,„_,./>//,,</. arc the up and nil 
angles between these two planes. Knowing /i,,,,, and /,,,,,, lor all .v.r is sufficient lo satisfy 

the needs of the I I P measurements in Table 1. 

An alternative to viewing the part from both sides for FTP measurements is to view it 
one side only, using a mechanical datum simulator such as a surface plate I f igure 6). 
.uislies the llatness. parallelism and thickness- 1 requirements outlined in 1 able I . 
prox ided that the contact with the surface plate is repeatable and reliable, Hxturing uould be 
straightforward, and the object would be turned over to measure both sides lor Harness. 
1 urthcrmore. f PI I measurements can be made using a single optical profiler b> translating 
the optical profiler with respect to the part to sequentially view the disconnected surfaces. 
Moreover, embodiments can include a single optical profiler sy stem in which the part is 
supported by an adjustable mount, which provides calibrated repositioning of the part with 
respect to the optical profiler so that two or more surfaces can be sequentially viewed by the 
profiler. Also, embodiments can include single optical profiler systems in which the optical 
profiler provides a split field of view lor simultaneously viewing different part surfaces. 

Generally, the optical profiler systems can include: i) multiple (e.g.. mo or morel 
optical profilers that may or may not share common electronics and computer control: 
single optical profiler having multiple or composite uevsing ports, ui.h each viewing port 
effectively serving as an independent optical profiler: and hi) a single optical profiler 
ad,ustablv positioned relative to the part or a mount supporting the part to sequential 
profiler different part surfaces. The optical profiling system having multiple x icu in, port, 
max include one or more common optics, a common camera ui.h a split field o,A,eu. a,u, or 
, c paratc cameras. I he single optical profiler system may operate by moving the optical 
profiler or a component thereof, or by moving the part or an adjustable mount supporting the 
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C ' : 1 1 i hmnt_>njjsi hli nam* bl ock s 

I he optical profiling s>stems arc calibrated to determine the relatix c orientation and 

Jinnee between lite daiums //,. //, corresponding to the two part suriacc measurement 

Such cahbrat.oit ma> be nccessar> when, lor example, the datum positions are ad.usicd i,. 

accommodate vamng part thickness h> bringing them withm the prolihng range //. 

One type of calibration imoUcs standard artifacts such as certified -a-e blocks. I he 

objective of the calibration is to establish the distance and oneit.ation angles 

„ ,„ . //„„ that relate the two optical profiler datum planes //,.//;. When using a 
mechanical standard artifact lor calibration as shown m figure 7. the Inst step is u. use the 
profilers to measure the lower and upper surfaces (,',. li 2 . The next step is to rms lit planes 
( , <.. ( , to the profiler data, and reduce this information to distances I ),,.,,; . , , and to 

, /; , .. II,,,-. Know iivj in advance how < < i relates lo a 

orientation angles « //|( ,( . /'// 1 ( M - u ihj-y /'// : o : • 

( ; s (i.e.. bv NIS I traceable certification), we calculate 

<<n.!h = ~ a lh_dz + "0|'<i 

/>//,//. = /V, o, - A /M.j " ^'i'- " <2) 

/>//,//. - ' V( "°<m«: 

( „,ce this ,s accomplished, measuring the part proceeds according to I q , I ,. As shown ,n 
1 ,gure 7. translation stages (e.g.. / stages) can be used to position planes (, ',(, "i»hi« 
profiling range //of the optical profilers. 

The foregoing calibration using a mechanical standard artifact remains valid for a 
lenuth of time characteristic of the overall mechanical and thermal stability of the 
measurement system, l or many industrial parts, the metrology tolerances for thickness are 
u , hl (6(T . 1 ami and it panes necessan to calibrate very frequently. An alternative is to 
place the artifact next to the test par, for simultaneous calibration and part characterization in 
one measurement, as shown in figure 8. In other words, the profiling system compares a 
oaee block directly with the lest part. 

\ convenient data analysis procedure is to measure the step height between the .age 

block and the test part on each side to obtain r/,,-. //,-,. IK • a,,.-.:- />■■ 
Parallelism comes from the angles, and the thickness is the difference ol the !>„,_■ . I >,,;., 
values plus the known or assumed characteristics of the arlitact: 
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( alibralion by mechanical standard artifact mav he an economical \\a\ ol performing 1 I 1' 
and other measures lor repeated measurements of the same typo of part. The instrument 
measures within a limited thickness range about the certified thickness of the artifact. A 
aistom mechanical standard artifact is prov ided lor each part type, designed to maximize 
precision and repeatability by completely surrounding the part with reference surfaces. 

( ' ; ij_i bration usiivj a wavclcnmh scale 

As has been noted above, adjusting the optical profiling system lor varying pari 
thickness involves adjusting one or both of the datum* //,. Ih to bring the object surfaces 
uithm the measurement //. Calibration determines the new relative positions and orientation 
of the datunis //,. Ih alter this adjustment. An alternative to using a mechanical Mandaai 
■utifact to recalibrate lor every thickness would be to monitor any -stage displacements and 
compensate for any resulting changes in tip and lilt, f or example, one could use a laser- 
based displacement measuring interferometer (DM I) to measure stage motion as well as am 
other parameter related to calibration. This wavelength scale eliminates the need for 
maintaining multiple artifacts and should be more flexible. 

The DM I measurement is initialized to establish the relationship between the I ) M I 
measurement and the profiler readings. Initialization involves an initialization arlilacl. 
prcierablN thin, fully characterized and thermally stable, inserted temporarily into the path ol 
lhc optical profilers. As the name implies, part of the function of the initialization arlilacl is 
to establish a point of origin for all thickness measurements, figure *■) illustrates a lull 
calibration sequence involving an initialization (a) m which the optical profilers translate to a 
position from which they may measure the initialization artifact, shown here as a thin block 
i,a\ ing a known relationship between the iwo surfaces /,. />. The result ol the in 
^,uence is tour angles ,/ /( , /; ./;,,..,. . - /',,,. and two heights />. ./>... . 

refilling from the rms plane fits zj ./; to height data with respect to ihc optical profiler 
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is //;'. //V . leased on this information and knowing m advance Hie leiaiu-ii ma 
Iviwecn /,' and /_; . the relationship hctucen the tuo optical profiler daiunis //, . //' 
■ai\ an h\ 



Ai the same time, the DM I provides the angles tx n , v ,. u » and heights „ w „ 
resulting from a measurement of the initial relative position and orientation of the DM1 
mirror A/" attached to profiler 2 with respect to the DM1 internal reference datum If" . 
This completes the initialization process. 

Now we can translate the optical profiler to any other position and thanks to the DMI. 
know precisely how tar we have moved (see figure y. step (b)). 1 he following equations 
calibrate the instrument for new positions: 



a 

"i 


ii 


= W//| , // ,,+r/„ 




t/ (1 




a, 


= / , //; , »" + /y " 


■i/-/V 


,n (5 

1 U M 


i) 








"\/" 



urlher. 
is also 



where u ini . fl „ „■'.)„ „ are DMI angles and heights measured for the new stage positions. 

An underlying assumption in this calculation is that the relationship between the DMI 
internal reference datum H and the optical profiler datum //, is always the same. 
Ihe relationship between the DMI mirror .Wand the optical profiler datum // : h 
assumed to be constant. Mechanical and thermal drill max comprom.se this assumption ox . 
unie. necessitating re-initiali/ation. 

I hese calculations assume that the coordinate s\slem for both the DMI ana the 
, P iical profilers are the same, in particular, the am n.U lateral ongm along w'mcn all o. the 
diMai.ce measurements "D " are taken. I hus minimizing Abbe offset errors would cni:... 
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Positioning the I )MI beams so thai the angles </„ w . //„ have the smallest possible impact 

mi calculating /'m/ ■ 

I here are several embodiments lor wa\elenglh scale initialization. I or example, the 
miliali/alion artifact could be transparent, with one surface partially relleetive. In this ease. 
\\w two surfaces /,. /< would be opposite sides of the same surface, and the aiiHes 
./,' , .. and distance 1> would be very nearly equal to zero. \ paiti.a;- 
transparent zero-pane artifact could conceivably remain in the Held of view at ail limes, ana 
be a permanent fixture in the system. 

An additional calibration task can include subtraction ol wavefronl system errors that 
can degrade the flatness metrology, for example, a reference Hat of very high quality can be 
inserted into the instrument to determine wavefronl system errors, which are stored and used 
to correct the error in subsequent measurements. Measurement of system errors can take 
place simultaneously with initialization, e.g. if this reference Hal is identical to the 
initialization artifact. 

Several In pes of laser interferometer satisfy the minimum requirements for the DM I 
necessary for the wavelength scale calibration, for example, although three DM1 beams or 
axes are normally necessary for distance and orientation, two or even one axis with some 
other mechanism to control angle may be sufficient. At the other extreme, the DM1 max be a 
laser 1 izeau interferometer, providing thousands of distance measurements. In this case, the 
I All might be integrated into the optical profilers directly and share the same imaging 
sy stem. 

In one embodiment, a laser-based interferometer working in parallel with the optical 
profiler can he used, such as a 3.3') //m Jodon 1 leNe integrated into an IR Scanning sy stem 
operating at 3.5-5.0 ;/m. The I leNe laser in the IR is naturally stable wavelength and mode 
stable, and all of the optics are shared by the wavelength scale and the optical profiler. IR 
cameras operating in this wavelength band may require low-M TBI Stirling cycle coolers. 
Alternatively, sources in the range of X-12 .am can be used in the IR Scanning system 
because of the high reliability ol commercial microbolometers. Such a source includes a 
HUw/m CO: laser. Alternatively, a multiple wavelength CO; laser mterferometry can be 
used as the wavelength scale. Such an instrument would measure absolute height oxer a 
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h larger range p. potentially covering the entire anticipated range ot pail thickness (e. 



nine 

(1-7.^11111) I 



Another appropriate wavelength scale is a commercial 0.(>.w,m lleNe lielerodMic 
I )\11. Mich as a /All 510 from Ago Corp. ( Middlctown. (' I ). 

( .mp K-\ features and struc tured datums 

Some part types have somewhat more complex features than tun opposing surlaces. 
f or example, f igure 10 shows a part having three parallel surlaces. one upper surface and 
uno offset lower surfaces. In addition to the thickness measurement, which relates lo 
opposing surfaces, there is therefore a step height measurement. If the step height exceed 

measurement range //ol the opiicai profiler, this presents a prohlem. As .lescruv,! above. 
U,is provides motivation for NMI-type measurements where each of the two oflsei lower 
surfaces are proliled in respective coordinate systems, and the coordinate systems arc related 
lo one another to determine the step height. 

Alternatively, one can provide a structured optical profiler datum for the optical 
profiler, for example, this can be accomplished in interleromelnc optical profiler bv 
positioning an object having a structured lateral profile in the reference arm of the optical 
pro filer, e.g.. the profiler could have a structured reference mirror, for the case illustrated in 
figure 10. the structured optical profiler datum comprises two parallel planes hav mg a 
lu , mi nal offset equiv alent to that of the step height. I he offset beiween ihe parallel planes in 
the structured profiler datum may be calibrated by a procedure similar to thai described 
Mbove. or may be a stable, known internal characteristic of the optical profiler. An optical 
profiler of this kind is capable of flatness, step height and parallelism measurement from one 
Mde. and llatness. step height, thickness and parallelism from two sides. 

Anoihcr potential use of a structured profiler datum is to simplify calibration, figure 
! | .hows how a small gage block max be employed lo calibrate the system lor measuring a 
larger test part, assuming that the structured profiler datum has a known offset. I his type of 
calibration essentially transfers the calibration burden to the optical pro tiler itself. This couL 
be advantageous if. lor example, the optical profiler were configured lo provide a v aricty ol 
calibrated structured profiler datums without requiring the additional calibration steps 
described abov e. 
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Another example illustrates how a structured datum exleikls ihe undcrlv m-j concept 
,,i | 11' measurement to non-planar surface, e.g.. the form, diameter. romKii.es.. and o. 
araiduness of spherieal or eNli.ulnealohicets. figure 12 illustrates eoneeptualK how 
measurements from a curved optical profiler datum provide straighlness. diameter and 
roundness of a cylinder. Preferably, m this ease, a turntable would rotate and perhaps 
iranslate the part so as to complete the measurement over the entire siirlace. 



1 PI I ( Ipiieal Prolilina S\stcm 

1 i-ure 1 3 is schematic draw ing lor directly measuring step height. I he sy Mem i, a 
single-sided step-height-mcasurmg tool te.g. an MM I tool ) employing a DM1 as a wax clench 
scale. An IK Scanning optical profiler (discussed in more detail further below i measures a 
height h in _ lor any given point x.y on a surface X w ith respect to an optical profiler datum //. 
A translation oflhe optical profiler (i.e.. a /-stage translation) provides an -extended scan" to 
capture both surfaces 1 when the step height exceeds the range //. the orientation and 
portion oflhe optical profiler datum //changes between the two positions . J and /;. 11 - 
know the relationship between the two corresponding optical profiler datums //■. //,,. then we 
have a means of measuring step height. The role oflhe /MI. therefore, is to relate //, lo // , 
Knowing the relationship between the optical profiler dalum planes // ,. //,,■ for the 
positions ,1 and B. we can reference both surface profiles lo a common plane, e.g. // ,: 



t\\ o 



/,,, (v.v) (v. y)+ D„ ,//, + -vtan(« // ,, //; ) + y lan ( ft, \ 



(o) 



are the 



1 lere l)„ is the distance from //, lo //« at x 0. r s 0. and a„ ,//,,.-/''// ,//. 

angles between these two planes, knowmg //„ . and h„ lor all x.y prov ides all the 
information necessary for l-P-I I measurements.!.! the system of f igure 10. the test pan is 
;11 ,ached lo DMI mirror M. cither directly or by mechanical fixturmg. lo thereby maintain a 
rigid relationship between the part and ihe mirror. Thus in this embodiment, the DMI 
directly monitors the position oflhe optical profiler with respect to the pari. 1 he DMI data 
lor beams a and /> condenses lo distances /; and angles u./i according lo ihe following 
formulas: 
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U |„ IC „•• w .u „ .cic. lo the distances measured b> the luo /Ml beams,,./- as shown in 
H,ure 13. and /. is the lateral separation of these beams. Note that because there are oni> 
,uo DM1 beams, the //or "tip" angle is assumed constant and is not tracked. I he rela.ne 
orientation and separation lor the two optical datum plane positions .1 and />' is then 



/'//,///•■ = 0 

/>//,// ... ^V.-t/,-^ 



(8) 



II , w 



1 mure 

anc ' 



In practice, it makes sense to set to zero both . w . and a , , w as a standard procedure. 
i„ which case , u , = 0 and 0. thus further simplifying be,. ( S ). 

e 14 ,s a schematic diagram of an optical profiling system capable of both 1Tb 
>1 1 measurements. In this embodiment, the DM1 mirror is a virtual construct, resulting 
lm m reflections from several fold m.rrors in the sW.cm (those attached to IK Scanning 
,W,|,r 2l none of xxhich are actually attached to the part or the pari fixture. Iberelore. the 
DM1 readings in this embodiment are only sensitive to the apparent or effective separation 
between the two optical profilers, as is required lor thickness measurement, and do not report 

the actual part position. 

Although the system of figure 1 4 has a different geometry than that of figure 1 3. h is 
sli „ possible to measure step height according to an alternative extended-scan procedure. 
I Ice. the system performs mo successive IIP measurements u i»h a = stage .notion in 
lvl ueen. I he part in this case, slum n in I igure 1 4 has a back surlace 1. no.nu.all> parallel 
,he surlace regions 1, or a mounting fixture haMUg a mirror that sees as a 

ie stop-height measurement proceeds as follous. f irst. \\e obtain 



substitute back surlace. 



a height profile , of surlace region X, , with respect to an rms plane lit * to the back 
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si.rlacc 1, . using i l l' functions. Then uc repeal the procedure lor l w; w,th respect lo 1\ 
I he I wo surface regions X, are now related to a common reference plane 1\ . as 

required lor step height anal) sis. 



surlaces 



| he 1' M'opueal mctrolog> concepls ivaJiK translate to other l> pes ol relational 
measurements between surfaces, including those that are not nominally parallel. Figure I 5 
illustrates a measurement of Harness and perpendicularity of two surlaces. 1 or tins type of 
measurement, thickness is not a relevant parameter: however the calibration procedures are 
similar to what has been discussed above. Figure 1 6 shows calibration by a standard artifact 
;l „d a 1 )Y1I monitoring system, ether of which can be used lor the calibration. Furthermore. 
,he artifact could be a partially-transparent element, in which case, it could be per.nai.enil> m 
the Held of view . 

Additional embodiments can combine I' l l' and angle measurements, e.g.. Harness. 
,h,ckness. parallelism, and orthogonality (FTPO). For example. Figure 1 7 illustrates a 
potential geometry for simultaneously measuring lour surfaces, labeled < 1 ) through ,4). 
object having a rectangular cross section. The basic FTP instrument illuminates the object 
from two directions, labeled (A) and (II). The objective is to measure the Harness of all 
.uriaces. the thickness and parallelism ol surface t 1 I respect lot .< ) as well muukc , : ■ 
with respect to (4). and the orlhogonalin of all adjacent surlaces. 

In Figure 17. the two mirrors (orthogonal.!) -test mirrors) are fixtured to be plane 
parallel and have a known separation, thus, the measurement geometry converts till W-degrec 
•cllections into 180-degree reversals. This conversion transforms all of the angle 

asurements into simple parallelism checks. Thus >f surface ( 1 ) is orthogonal to surface 
,4). they w,l! appear to be parallel in the instrument. This is true ex en if either the objcci or 
the orlhogonahtN-.est mirror pair is rotated about an axis perpendicular to Figure I 7 

1-iuure IX illustrates the appearance oflhe part as Mewed by a camera .mag.ng the 
sWem of Figure 17. The symbols - . ■. and ■. mark corresponding surface pomls on 
opposite s.des of the object. For example, an I. NIC calculation of minimum th.ckness 
between surfaces ( 1 ) and (3) would involve the distance from the points marked w.th an on 
each ol' these surfaces. Also, the origin or /ero-th,ckness position is shifted h> an amount /. 
in the negatixe direction, equal in magnitude to the separation of the two onhogonal ,t wes, 
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rors. furthermore. A thickness /) between am two surfaces is magnified in ihe gcomctr\ 



In \ 2 . because of ihe double-pass reflection at a 45 angle of incidence. 

Another arrangement is shown in figure 1 0. which tests the orlhogonalit> oi adiacent 
surfaces. 1 his arrangement includes an additional orlhogonalit> art i 1 act to relerenee an 
initialization position, lake the system m figure 1 7. the mirrors convert the orthogonally 
measurement into a parallelism measurement. 

Yet another arrangement is shown in figure 20. w Inch tests all ol f 1 P( ). I Icrc each 
of two perpendicular mirrors split the field of view from one of two optical profiler to 
accommodate profiling of four sides of a rectangular test part. I he II P( ) s\ stem oi I -mure 
20 also includes a structured reference or employs a /-stage motion lo accommodate lor the 
fact that the distances to surfaces ( 1 ) and (3) are not the same as those lo surfaces (2) and (4). 
respectively. 



( )ptical Profilers 

f or relational measurements such as FIT. FITO. and I PI F the optical profiler 
measures absolute surface height with respect to an optical profiler datum plane over at least 
a restricted measurement range //. Suitable optical profilers include triangulntion s\ stems, 
w hich involve geometric interpretation of position using trigonometry and assuming linear 
light propagation, time of llight systems, which utilize light pulse or amplitude modulal 
associate time delay with distance, multiple wavelength interferometers, which use a 
sequence of discrete wavelengths followed by fractional fringe or synthetic wavelength 
anaKsis. phase-shifting interferometers, and height scanning interferometers, l or mam 
applications, the optical profilers are preferably height scanning interferometers, which 
include scanning white light interferometers (SWl.F scanning MfSA interferometers, 
scanning grazing incidence interferometers, and IR scanning interleromelers. 

SW 1 d is described, for example, in commonly owed F.S. Patent Nos. > AOS. 1 1 3 and 
A402.234. the contents of which are incorporated herein by reference. The New View rM)00 
from /\go Corp. (Middlelleld <2T) is a commercially available. SW f 1 instrument, which is 
capable of absolute height measurement. When a S\YU instrument is tised on a part with a 
surface rough compared to the \ i si hie wavelength of the SWT I source, speckle pucuomcaa 
degrade the mcanmgfulness of conventional mterferometne fringe patterns. I he white light 
coherence peak, however, can still provide distance information. Sec. e.g.. 1 . Dresel. u. 
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I lacusler. and II. Ycnzkc in " I'hi cc-dimcnsional sensing of rough surfaces b\ cohcniiKx- 
radar." .!/</>/ Of>i H(7l. l M'M>25 < 1^2). 

Scanning MI.SA interferometers are described in commonl) owed I .S. I'atcni No. 
x.v>X.2(o. the eonlenls of which are incorporated herein by reference. Scanning grazing 
incidence interferometers are described in commonly owed. ( .S. I'alent Application No. 
no V15.175 entitled "(irazmg Incidence Interferometer and Method" filed June >. i 1 '"". : .i;c 
eonlenls of which are incorporated herein b\ relerence. 

IK scanning interferometers are like SWI.l instruments except dial broadband infrared 
h-ht is used rather than while light. Surfaces that appear rough and generate speckle at 
\ isible wavelengths take on an entirely different appearance al longer wavelengths, e.g. m die 
IK. Thus, the IK scanning interferometer ulili/es IK wavelengths sufficiently large so as to 
eliminate the troublesome speckle phenomena that are characteristic of rough-surface while 
li-ht interlcrometry. 1 he image and the interference fringes are therefore free oi speckle aiki 
of all of the attending limitations and difficulties. By means of a broadband source to 
localize fringes, a suitable scanning mechanism and computer control, we aehie\e 
unambiguous measurement of technical surface profiles as well as relationships between 
surfaces and points over large areas, with high accuracy and rapid measurement speed. IK 
scanning interlcrometry systems are described in commonly owed U.S. utility patent 
application (W/514.21 5. filed f ebruary 25. 2000. 

As shown in figure 21 . an IK scanning interferometer typicalK includes: i ) a 
broadband source providing a range of IK wavelengths lor which the technical surlaces oftne 
object appear specular, i.e.. the retlccted light at normal incidence is free of speckle: n) an 
inierferometric optical system, including at least one measurement beam rellecimg from al 
least one object surface or surface point: iii) means lor scanning the optical path difference oi 
the interferometer (e.g.. IV.T-actuated reference mirror) while collecting interference data 
with an IK camera: and iii ) computer control and processing lor interpreting the mterlerence 
data, so as lo profile selected technical surfaces, and or lo determine parallelism, thickness 
and or height separation of multiple surfaces without fringe ambiguil}. 

figure 21 illustrates an embodiment of the invention based on a Michelson-t> pe 
interferometer 100 but operating entireU in the IK. at a wavelength sufiicientU long such 
thai the object technical surlaces within the field of view appear specular, e.g. 1 to 20 //in. 
I he IK source 1 10 is sufficiently broadband to prov ide a limited coherence range, e.g. a lew 
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tc-ns ol >n. A diffuse." I 12 and a colhmatmg lens 1 14 arc positioned between the source and 
, v;im splincr 120. The beam splitter directs a first portion ot the broadband radiation alon, 
relerenee leg to a reference mirror 1 and a second portion along a measurement le, to , 
mcasurcmcn. object 14(1. Imaging optics I S«» direct Hie radiation reco.nbined In ,he bean, 
,p|,„cr to an IK camera K>(>. A computer 1 5(1 collects interference data Iron, IK aimoa , on 
while xarxing the optical path difference between the measurement and relerenee legs In 
means of a p,e/.oelectr.c transducer ( IV. T) 170 attached to relerenee mirror 1 Ml fhe el feet 
of the IV. I scan is to scan the measurement plane horizontal 1> (e.g.. with relerenee to 
measnreme.it plane 195). The resulting interference data produces a localization of fringe 
data around the zero optical-path difference (OKI)) position, which is characteristic ol 
interleromeirv xviih a broadband source. 1 he fringe localization provides a means ol 
determining the precise moment when the measurement plane intersects the object point 
corresponding to the image pixel. I he IV. I motion is precisely controlled, so that knowledge 
of when a given object point is at zero OKI) can be directly translated into a local surface 
heght that is free of the ambiguity normally associated with intcrlerometry. A compensator 
plate 1 75 compensates for dispersion caused by the beam splitter. 

( )ne may apply any of a variety of techniques for determining surface height us,,., 
Realized frmges. f or example, one approach is to determine the scan position of peak fringe 
contrast. Suppose, for example, that interference data for a fust pixel produced peak fringe 
contrast at a scan position of 0 urn. A second pixel might have a peak fringe contrast at a 
different scan position, for example 10,/m. Thus, the absolute height difference between the 
mo object points corresponding to these image pixels would therefore be 10 um. 

Because technical surfaces appear smooth in the IR scanning interferometer, it is 
meaningful to interpolate the interference phase for high accural in a way thai i> no. 
possible v-.ai, pr.or-art. rough-surtacc wh,tc-!,ght .nterterometry. I hus once the basic 
dimensions have been determined using fr.nge contrast, one may obtain a higher precis.on h> 
means of the interference phase tree of fringe ambiguity. Al.crnat.vely. one may process the 
data entirely in terms of broadband interference phases, using the frequency-dotuain analysis 
procedure disclosed in commonly owned I '.S. Patent No. 5.39X.1 15. 

Manx other embodiments of the IK scanning interferometer are possible. I or 
example, the interferometer max be a I wyman-Cuvcn capable of profiling lcn.es. non-.lat 
.ur.accs and optical components in the grinding phase of fabrication. Another variant is a 
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H/cau-i\pe interferometer, with a comb-spectrum source pro\iding periodic coherence 

peaks. Another variant uses a \lirau-type interference microscope objecli\e. I he source can 

he am broadband source operating in the infrared, e.g.. a source operating in the ranee oi 

.,| H mi 1 micron to 20 microns, or more particular!), lor example. 3 lo In micron-, I lie 

coherence length of the broadband IK source can be. e.g.. in the range oi afoul Id to 5n 

microns. Suitable sources include a naked filament, a halogen bulb, a chemical source, a 

multimode ('(), laser, oilier lasers such as diode lasers operating in the infrared, infrared 

l.l.Ds. etc.. I he detector can be any detector suitable lor measuring the IK radiation, e.g.. a 

pixellated microbolometcr such as an InSb array. 

I f 1 ' S \ stcm_ lor hunspar ent Tcsi < )b j eels 

An optical profiling system 200 lor measuring a geometric propcm (e.g.. I I l')ol a 
panially transparent test part 210 is shown in f ig. 22. Because test part 210 is parlialh 
transparent, surface profile measurements of both its front and back surfaces ( 212 and 214. 
respectively) can be made by using a scanning interferometer that includes a partialis 
transparent reference mirror 220. Reference mirror 220 includes a panially rellectiNc. fust 
surface 222. which defines a first optical datum plane /// near front surface 2 1 2 of lest pari 
210. and a second surface 224. which defines a second optical datum plane //.- near back 

surface 214 of lesi part 210. 

The other components of system 200 are similar to those in f ig. 21. except that the 
system can operate at any wavelength (e.g.. the ultraviolet (I A'), visible, near-infrared (MR), 
and infrared (IR)). Source 230 provides broadband radiation that passes through a dill user 
232 and a collimator 234. The collimated radiation is split by a beam splitter 240 lo define a 
reference leg w here a reference portion of the radiation is directed to reference mirror 22o. 
and a measurement leg w here a measurement portion of the radiation is directed to lest pan 
210. Beam splitter 240 then recombmes radiation reflected by reference mirror 220 and lesi 
part 210 to produce an mterlerogram. which is focused by imaging optics 245 onto a camera 
250. Camera 250 records the mterferomelric data and sends it to computer 200 for analvsis. 
Reference mirror 220 is mounted on a scanning mechanism 225 (such as a piezoelectric 
n-ansducer or motorized stage) coupled lo computer 260. During operation computer 2o0 
anises the scanning mechanism to adjust the position of the reference mirror and store the 
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micrfcromctric data as a function of the scan position. Also, a compensator plate 2K3 is 
po Mtioncd in the reference ley to compensate lor dispersion caused b\ the heam sphticr 
I he optical datum planes //, and // are specified lor an initial Marline y-o.wwv, 
reference mirror 220. As scanning mechanism 225 (e.g.. a IV. I I adjusts llie poMlion of 
reference mirror 220 ox er a scanning range //. the zero ( MM ) (optical path length difference i 
planes corresponding to surfaces 221 and 222 of the reference mirror are scanned trom liie 
position of datum planes /// and //;. \\ hen either zero-OPI) plane intersects a surface feature 
of the test part during the scan, the interference from the broadband radiation is optimized 
(i.e.. we have a coherence peak in the interleroinetric data). In practice, the interlercncc data 
corresponding to the front and back surfaces of the lest part can be distinguished from one 
.mother when the separation betw een the surfaces of the lest object differs Irom the 
separation between the surfaces oi the reference mirror by greater than the coherence length 
of the broadband source. Accordingly, the system may include multiple partial \\ relleeme 
reference mirrors, each of w hich can be attached to. and detached from, the scanning 
mechanism to accommodate different test part thickness. 

Thus, front surface 21 1 oi" the test part is protiled relative to datum plane // and back 
surface 212 of the test part is protiled relative to datum plane //;. 1 he relationship between 
the tw o datum surfaces is dcWncd by the optical separation of surfaces 221 and 222 ol the 
reference mirror. By calibrating the reference mirror, computer 200 can store the 
relationship between the datum planes and calculate I I P and other geometric properties for 
transparent test object 210 based on the profiled surfaces and the relationship. Such 
calculations are similar to those described above for other embodiments, however, one needs 
to account for optical path length within the transparent reference mirror and lest object, 
which will be optically more dense than the surrounding air or gas. 

Because each surface of the reference mirror defines an optical datum plane, optical 
prolihmj. system 200 can be thought of as having two optical profilers that monitor 
substantially parallel surfaces of a test object from the same side. Accordingly it is clear that 
optical profiling system 200 can also be used for IT1I measurements (e.g.. step-height 
measurements) of a non-transparent test object, w ith the surfaces of the reference mirror 
pnw idmg datum surfaces lor profiling the surfaces of the test part that define the siep-height. 

I o calibrate the separation between the surfaces of the reference mirror and determine 
the relationship between optical datum planes //. and //.-. one can replace test obiccl 2 in with 
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a parlialk transparent calibration object having a precieterininecl thickness. I lie calihraiiou 
iollows analogously to that described earlier invoking gage blocks. Moreover. ;h with 
piv\ iousk described embodiments, die partially iransparent calibration object can remain in 
the field ol v lew during measurements ol the lest pari to provide online data lor the 
calibration. Alternate ely . the thickness of the reference mirror can be precalibraied prior to 
us incorporation into optical profiling system 200. 1 or example, the reference mirror ma\ be 
a "master" to which the other lest objects are being compared. I he thickness of die master 
mav be measured, e.g.. by a careful physical thickness measurement, which is then muiupiieei 
b\ its rclracliv e index to obtain its optical thickness. Alternatively . the master may be 
qualified bv its functional properties only, and the quantity of interest is absolute f I 1' 
measurements with respect to the master, w ithout concern for the precise actual thickness ol 
the master itself. 

W e note that the measurements here presume that the nominal thickness of the test 
part (or the step height) is greater than the scanning range //. If this were not the case, a 
conventional scanning interferometer ( i.e.. one having only one rellecthe snrlace :n tl.c 
reference leg) could directly measure the front and back surfaces tor step-height surlaces) 
with respect to a single datum plane. 

(icnerallv- the surface profiles of surfaces 221 and 222 are selected to be \er\ Hal. 
thcrebv defining planar datum surfaces. In other embodiments, however, one or both of the 
surfaces can be curved or structured as described previously. 

furthermore, in additional embodiments, the reference mirror may be replaced with a 
partialk rellective beam splitter (to define a surface equivalent to surface 221 ) and a separate 
rellective element (to define a surface equivalent to surface 222). In such embodiments, one 
or both of the beam splitter and the separate rellective element can be positioned on a 
translation stage (e.g.. a /-stage) to adjust their separation, and thcrebv adjust the positions of 
datum planes /// and // : to accommodate the test part. Calibration and monitoring of the 
relationship between the datum planes can accomplished bv DM I measurements to a DMI 
mirror on the /-stage in a manner similar to that described above. 

Moreover, in other embodiments, the Michelson-lype scanning inierleromcicr miouii 
in fi«j. 22. can be replaced with any other interferometer arrangement suitable lor sea 
iiiicrleromeiric measurements (e.g.. 1 wvman (.ueen. Mirau. etc.). 
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\ J J i lit nuil l.xam ples of III ' and f PH. S Wcms 

I iuurc 23 shows an embodiment of an I I P system 500 based on IK scanning 
tcchitolo<j\. although a similar confiLiuralion could be used with broadband radiation at other 
wavelengths icy.. ultraviolet, visible near-infrared, etc.). A beam splitter .520 splits the held 
>.| \ ie\\ <l ; < to provide, in effect, two optical profilers sharing a common source 3 lo. 
common camera 350. and common optics Ice. camera lens 312. beam splitter ^ I :•. beam 
•■plitter 520. reference mirror 550 mounted on scanning stage 54o. and reierence ciec Noel. 

550). Hie instrument ma> be thought ol as two I wyman (ireen inlerlerometers sharing a 
common optics. 

There arc two told mirrors 560 and 370 mounted on translations stages (e.g.. z staues) 
502 and 572. respectively. Beam splitter 520 includes two angled, beam-splitting surfaces 
I he Inst surface reflects a first portion of the broadband radiation towards fold mirror 560. 
the second surface rellects a second portion of the broadband radiation towards fold min or 
570. and both surfaces transmit the remaining broadband radiation to common relerence 
mirror 550. f old mirrors 560 and 570 direct their respective portions of the broadband 
radiation to opposite faces of a test object 380 and a hollow cylindrical gauge block 5M0. 
liauge block 5 ( )() surrounds test object 5X0. and prov ides front and back surfaces in the spin 
field of view (fOV) for calibration. During operation translation stages 562 and 572 adjust 
ihe optical path length of the measurement legs, effectively adjusting the nominal optical 
prolilerdatums //, II 2 with respect to the lest part surfaces, flic relerence mirror scans o\c 
the range // to generate the height maps. 

f inure 24 show s another embodiment of a scanning I I P system 400. I I P system 
400 includes a structured reference object 450. to provide structured profiler datutns. I he 
system includes two independent Twyman-( ireen interferometers 4 1 0 and 460 linked by 
structured reference object 450. which replaces the more usual reference mirror. 
Interferometer 410 includes broadband source 412. camera 414. beam splitter 4 1 o. and fold 
mirror 4 1 X. Similarly, interferometer 460 includes broadband source 462. camera 464. beam 
splitter 466. and fold mirror 468. Notably in this embodiment, structured relerence object 
450 provides master datum surfaces for initialization artifact 445 and lest part 450 at the 
same lime, thus translation or /.-stages are not necessary. In other words, the structured 
reference makes it possible to prollle initialization artifact 445 and test part 45o at the same 
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limL , lhc ,eannm, function for this ,come.r> ma> he lulfiilled lw displacement of the 
reference object, .he test part or an> other appropriate optical component. 

If additional there is a custom, removable structured reference lor each test par. o, 
mlc ,vst. the instrument accommodates a range of part si/es uithou. large-scale ,„echan,cal 
muli ons. A fully characterized and stable structured reference also obv.atcs the need u-r 
frequent recalibration. 



■■ioure 25 is a diagram of a dual-sided optical 11 V system 500 based on IK 
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profiler technology and a 2-axis I IcNe-hased heterodyne DM1 for the -vc.ength scale < c.,.. 
lh e /Ml MO from Ago Corporation). As in the embodiment of f igure 23. a similar 
arrangement can be used of other embodiments providing broadband radiation at other 
^^clengths (e.g.. \ isible. I V. NIR. etc.) for the surface profiling. 

Referring to f igure 25. the broadband IR radiation is shoun as solid line, and lie- m 
„v plane ol the pa,e along wtth the corresponding surface profiling optics. M,crcas the 
, leNe radiation is shown as dotted hues and lies above and below < not show,,, the plane o, 
lh , p ,.. c alone with the DM1 components, to prov.de the nu> axes of DMI metrology. 

^ The scanning optical prof.Hng system in system 500 includes a source 510 provd.ng 
bro adband 1R radiation, which is co.Hmated by lens 5.2 and incident on an >R beam splitter 
,,4 IR beam splitter 514 splits the Held of view by reflecting a first portion o, the IR 
, kliaU0|1 Ul mnT01 , 521 on a first z. stage 520. reflecting a second portion of the IR rad.at.on 
lo mllw rs 53, on a second /-stage 530. and transmitting the remaining IR rad.auon to a 
,,,,,ence m.rror 540. Reference mirror 540 is .nodulated by a IV. T-actuatcd flexure sta,e 
^ w,th capactive leedbacl, providing a 200-,,, scanning range „ 1 he scan ,s rcpca.an.e 
, nJ takes less than 3 sec to complete, a relatively short time compared to the dnlt rate o. an> 
ol the optical components. /. stage 520 directs the first portion of IR radiation to .old nnrror 
^ ,h,ch directs it to a first surface of a test part 550. to define a firs. v,c« port. 
s„n,larb / sta.c 530 duvets the second portion of IR radiation to fold nnrror , O w .nc, 
illvcls i, to a second surface of a test part .550. to define a second x ,eu in, port. I,c„ oi tne 
m , -,ta,es can be translated to adjust the nominal positions of the optical profiler da.ums 
//, , ,o accommodate the first and second surfaces of the test part. IR beam splitter 5 14 
combines the broadband radiation reflected from the reference mirror and the mo surfaces 
( „ the test object, and directs ,t to beam splitter 5 W, uhich in turn directs i, to an IR ,ma,m, 
.aincra (c.li.. a l<)-micron mierobolometer). 
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\ /nSc window with an anliretlcclion ( AR ) coaling one side and a 5",. partial!) 
,,, k . cllvc surl; ,c on ,hc other side is positioned as an initiation artifact 544 between fold 
milT01 . 522 and test part 550. with the partial!) rellective surfaces nca.es. the ,cs< pan. I o 
lllllu |,/c die nis.rumcnt. the : Ma.es are aimed so that .he scanning ranee „ lor each me 

, lcum , ports overlaps the partial!) reflective surface. A wmdow Mo positioned 
netueen test part 551) and fold mirror 532 has all ol its surfaces AK-eoated. 

fhc .eome.rv of the DM1 system differs somewhat from .hat in the embodiment ol 
, „ure 9. particular, reference mirror 540 in Figure 25 pla> s essential!) the same role as 
die DM1 mirror M in l igure 1 ). 

Reternne to Figure 25. a vertical beam doubler 562 splits the beam from a DM1 
MU , CC s (l0 ,e , a Helium-Neon laser, to provide two axis oiDMI vertical!) displace, above 
and bclo, the plane ol the page. As described above, onl) beam displaced above the plane , 
., u „ „ ,as a dotted line) in the Figure. 1 he ,„ axes monitor a difference m the opt.cal pan, 
^Terence (Ol>D) between the two v iewing ports as well as any component ro.au.uons abont 
,„ axis parallel to the plane of the figure. The return beams from polarizing beam splitters 
, PITSs, positioned above and below IR beam splitter 514 (PBS) goes to a f.ber-optic P ,ck-up 
(1 , )1M ,i)5 for snmal detection. Only two measurements or "axes- are needed to mom.or the 
lin , onsll ,„ned decrees of freedom in the optical system, as may he understood from the 
followm. dtscuss.on of the effects of vanous ng.d body rotations of the optical component. 
, he mirror pairs 52 1 and 53 1 on the : stages 520 and 530. respective!) . each lorm a 
„id roof mu-ror. The same is true of the two .old mirrors 522 and 532 near the part. I he 
Ids are mechanically constrained to have a highly stable orthogonal relationship (e.g. 
ad drift in re , at ive angle,. A rotation of any of the roof mirror structures about a v ertical 
axis has no effect on measured FTP of the part. A rotation of the reference mirror or the 
beamsplitter about a vertical axis modifies only the apparent longitudinal posi.Mi 
p;irl that the DM1 measurement of (MM) intersects the hue o, svmmc.rv tor the - 

,.ferenee paths ,c.,. .here is no Abbe error,. We can assume that one of the onen.uuon 

^.iUabvavsbethcsame.c.g. «... u ■ and therefore ^e need no. mom.or ..us 
, lv ,,e A rotation ofam of the eomponents about a horizontal ax,s. however, couples 
di.ve.lv into the apparent parallelism of the part: thus this rotation must be monitored. 1 - 
DM1 beams projected s>mmetricall> to upper and lower sides o, the plane ol the ueurc 
[cM 1( , bolh mlall011 , about the horizontal axis and the ov call ( MM) ol The sWcm. 
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I'he DMI oplics include two hiuh-stability plane mirror interferometer ( i ISI'Mi ■ 
-Si) and 5S2 positioned abo\e and below IK beam >plitler 514. a> shown m m-c; 1 " \ 
each DMI axis, there are two orlhouonalK polari/ed beams circulalima m the measurement 
path m the same direeUon. I ISDM1 5 NO includes a IM4S 570. a CiH'ner cube reileclor 5^..\ a 
,|Liai-ier-wa\e plate 574. and a hail-si/ed hall-wave plate 570. IISPMI 5X2 includes an 
identical set of oplics below the plane oi'the paye. I he HSPMls tises the half-si/cd hall- 
wax e plate instead of the usual lull-sized quarter-wave plate to rotate the polarization of the 
measurement beam, so that all of the measurement beams are linearly polarized when 
relleetinLL from the various fold mirrors. In other embodiments, conventional I ISfMIs can be 
used in which a full-sized quarter-wave plate replaces the hall-sized hall-wave plate. 

( Hher embodiments of the instrument m figure 25 can accommodates the structured 
profiler datum concepts described above by e.u.. either ( 1 ) providing a structured reference 
mirror or (2) a structured mirror, window or other combination of optical components m the 
measurement path. 

hi mire 26 is a flowchart of the measurement procedure for the system ot figure 
The first column describes the initialization procedure, first, the r-slaycs are nio\ed 
u. briny the zero plane initialization surfaces /, ./ 2 (i.e.. the internal and external refections 
from the partially-rellecliny surface of the zero plane artifact) within the scanning range // of 
both of the optical profiler ports. Then the profilers do a fine scan over the range // to 
acquire surface height profiles // „ (.v.r)- (- v O') of initialization surfaces X, ./ 2 

1 ' ' i Zj / / j / 1 

with respect to the optical profiler datums //['. Il" ■ Based on this data, an electronic 
processor (not shown ) coupled to the system calculates a least squares lit of artifact planes 
/; to the surface profile data . /'//,/, - and extracts 

,/ // . (/ ., . // ,. and/) „.../>..i... Irom heiuht proliler data /;./.; . 

'"//;'/,• //;'/; ■ //;•/; " ' //;•/; //,•/, 

Next. DMI data is acquired for DMI mirror ,U"\vith respect to the DMI internal reference 
datum If" lor /-staye positions corresponding to the initialization, from this data, the 
electronic processor extracts initial orieiilalion and separation of W" with roped \v m an,; 
uses it to calculate the relationship between the two optical profiler datunis II','. II'! UMiie 1 i 
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\ AccordingU. the initialization pro\ i.lcs the electronic processor u uh the lolUung 
information r/ ,. .„. //.. I>„ " /V'/r" ' V'//7 ' 

I he second column of figure 2<» describes ihc pari sel-up. Mrsl. ihe lest pan i- 
positioned in a mourn or support fixture (not shown), and then the /.-statics are mo\cd to 
hum the object surfaces within the scanning range // of the respective optical profilers. II 
desired, the pari position can then be adjusted with respect to the swem K>Y. 

I he third column olligure 2o describes DMI calibration. DM1 data .s ciiccuv. lo: 
|)\11 mirror W with respect to the DMI internal reference datum II according to the /-stage 
positions lor the test part. I hen electronic processor extracts r/ n w . //„ w and D IIV iroin 
,he DMI data, and calculates the relationship between ihe iwo optical profiler datums 
//,.//, using fq. (5) to produce outputs -/'^ //, • //, ' 

I he fourth column of figure 26 describes data acquisition lor the test part. I he 
optical profilers scan over ihe.r scanning range // and determines surface hc.ght profiles 

( v. v). ////,v, (am | of pari surfaces >;..!, with respect to ihe optical profiler datums 
//,.//, . f lcctron.c processor then calculates h,,^ (.v. y) from the surface height and 

calibration data using Hq. ( 1 ) ■ 

The last column of figure 26 describes I'll* calculations based on the acquired data, 
f or example, the electronic processor can calculate Harness from .he resulls of Chefs chev 
Ills to h,,^ (.v. v) .///,, 1: ( a. i ) ■ focal part size can be calculated according to 

, ( v y] = ( .v. r) (am). MMC can be calculated from the resulls of a 

C hcbvchev fit to total part i v. t ) . and l.MC is given by the minimum value of 

; K , (x V ). luillKTim^bYde^ 

,he Chcbvchcv llatness fit to the surface U parallelism can be calculated as the high point 
lumus the low point on surface 1, with respect to datum O. thickness I can be calculated as 
,he average of the high and low points on I_- with respect to U: thickness 2 can be calculated 
as the mean value I max - mm) ol (v.;.): and thickness 3 can be calculated as the 
axeraue value of M\K and l.MC. 
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I he optical profiling systems described herein optically profile two or more surfaces 
,„•., lost object It) determine one or more geometric properties ofthe object. I lie -unlaces are 
each profiled with respect to a fixed datum surface or coordinate svstcm. and the respective 
coordinate systems are then related to one another. As a result, the surface profiling prov ides 
absolute positions in a common coordinate system for a plurality of points on each surface. 
| his is m contrast to relative surface profile measurements where the heights of some point ■ 
,e surface are determined relative to other points on the surface to thereby measure 
face texture. Thus, for the optical profiling described herein, the measurements provide 
the overall position (piston), tip and lilt of the object part with respect to the datum surface 
(i.e.. a reference surface independent from the lest part), in addition to providing Hie lorm 

and texture of the surface. 

The accuracy of such mierferomctric absolute surface profiling measurements can be 
proved by accounting lor the phase change on rellecuon ( K'( )R) and IVOR dispersion 
e.. the frequency dependent variations in IVOR) of the surface material of the test part and 
the optics of the mterlerometry system. As indicated below, failure to account for 1V( )R 
dispersion in scanning interferometric measurements, even for test parts having uniform 
IVOR dispersion properties, produces an erroneous shift in the distance from the datum 
surface it) the test surface. Moreover, when the PC'OR properties of the test surface vary 
because the test surface includes dissimilar materials, failure to account lor IV< )R dispersion 
can introduce errors in the relativ e heights of different points on the test surface. 

Interferometric contributions of IVOR and PC'OR dispersion are explained with 
reference to a two-beam scanning Michelson interferometer 600 (f igure 27). Scanning 
interferometer 600 operates similarly to those described above to measure the height profile 
of lest surface 670. Interferometer 600 includes broadband source (.10. beam splitter (Oil. 
scanning reference mirror n3(). camera M0. and dispersion compensator 650. The 
interferometer is arranged to measure a height /, in the _- coordinate direction at each point v. r 
on an object part surface using interference phase information. The virtual surface // is the 
optical profiler damm to which all height and interference phase measurements arc 
referenced. To first order in the angular wavenumber k = 2~a.Dk- interference phase o 
w nil respect to // is 
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uhcrc A„ in ihc noininal vsawnumlvr _ is the reference minor scan position. ; .Mlic 
1K1|I surlacc phase change on relleet.on . I>< ( )R I and ;<.,, is the s>stem pliase offset with 
respect to // attributable to the interferometer system. The value ; V includes l>< ( )K 
contributions from the interferometer opt.es and am constant offsets resulting c.,. from the 
Marling position of the scan 2 The linear dispersions coeincenls r,,„ and : cunoposu: 
,o the phase offsets y and ;<„,. res P eet,velv. The phase offsets y^. 7 x . are evaluate, 
a, the nominal uavenumber A„ . I he index of refraction „ lor air and is assumed lo he 
independent of uavenumber. Those skilled in the art will appreciate that the teaching of 
the invention can be extended to denser transparent media than air by taking into account the 

avenumber dependence of material index. All of the terms in liq. 2 are potentially a 
function of field position .v,r. although lor the subsequent description, the variables //. - *„ 

are assumed to be constant over the field of view. 

In scanning interferometr.e measurements, the light source provides broadband 
radiation so that interference fringes are only produced when the optical path difference 
(( >PD) between the reference and measurement legs are u.thin the coherence length of the 
broadband radiation. Thus, scanning interferometrie measurements can be considered a 
"coherence profiling" mode in that it uses the broadband nature of the interference elfect. e, 
,hc localization of fringe contrast or equivalent!), the measurement of the rate o, change o. 
interference phase with wavenumbcr. 

hgurc 2H slums an example of a coherence profiling intensity signal as the referee 
,-or position 2 is scanned. According to fq. 2 the overlapping interference fringes tor , 
emissions of the broadband source result in a normalized intensity / given bv 



mm 
\ anous < 



/ ,1 t | /Hr ( „ ,r.,,J.:/r-;leos-2//A ( ,(//-;)';',., ; 22. <l<" 
uhere I ' is the /n,ge con.ras, cnrjnpc. 1 he cm elope I ' is proportional to .he hu.rier 
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i ,- ;lll slorm oi the .pecl:u. distribution of the light a, delected h> the camera, including the 
of ihc camera itself I., I -iuinv 2X. U is assumed .hat the li.h. source has 
eine. approximate^ gaussian. spectral emission. 



| or a symmetric contrast envelope, the peak value of the fringe conlrasi em elope is 
given In the scan position lor which ^>:dk - 0 . I his is the snnmnurv />ln,sc position, where 
the interference phase is the same independent of wavenumher. and all of the interference 
patterns add up constructively. More generally. ,1 can be shown that the slat.onarv phase 
condition dipiilk ■■- 0 corresponds approx.matelv lo the centroid of the square of the li ma' 
contrast envelope I . The phase gap ( / between the stationary phase position and the nearest 
zero phase point </> - 0 position is given by 



, /+ /,0-A (1 (r vl , + r,„ //7 ). (ID 



I his is a constant phase offset, independent of wavenumbcr A. but dependent on the s> stem 
and pari parameters. The phase <A, is the phase at the nominal wavenumbcr A„ .with respect 
to a _" - 0 scan position), e.g.. from f.q. (°) we have 

<A, =2nkji + [y lltirl +/sys) ■ {]2] 

from f.q. 10 and figure 28. it can be seen thai the maximum or peak fringe contrast 
occurs at the scan position :=!, + { r„, + r /M ,., )/2« . Thus, in one data processing 
embodiment, the system determines the fringe-contrast envelope I " as a function of J. e.g.. 
by electronic or digital conversion, for even camera pixel. It then determines the scan 
potion for which the envelope I " reaches a specific value, e.g.. its maximum or peak 
value. The corresponding height /; is this scan position minus the dispersion offset: 



In another signal processing method, the coherence profiling intensity signal is 
our.er transformed with respect to the scan position into the frequencv domain (i.e.. with 
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respect In ircqucncv wave number k). I he phase of the iranstbrnicd data corresponds 
dircctK lo the phase </)(A ) in l.q. °. from this phase, ihc signal processor ealcniaies ilie 
plui.se den\ati\e il</>/ilk . and determines height // lor each camera pixel according lo: 



I cl<:> 



where ihc derivative </</>. </A' is calculated lor . -0. l.q. 14 follows dircctlv from f.q. w. 

from l.qs. (13) and (14). one sees that surface height measurements based on 
coherence profiling data can be more accurately calculated by accounting, e.g.. by 
calibration, lor IVOR dispersion for the inlerferomctrv system and the test part (e.g.. .aid 

. rcspeclivelv ). 

In addition to coherence profiling, surface profile measurements can also be based on 
inlerierometric phase profiling data where the inlerierometric phase </>(k ) is measured 
directlv lor one or more wavenumbers A', l or example, phase shifting inlerferomctrv ( I'Sl ) 
techniques can be used for such measurements, f rom Hq. 9. it is clear that if direct 
inlerierometric phase measurements are used to determine height h. accounting lor l>( '( >R 

and (and IVOR dispersion r. and r V)v for \\a\e numbers oiher liuiu the 
nominal wave number k„) improves the accuracy of the height measurement. 

( ieneralh . the sensitivities to particular noise sources lor coherence prolilmg 
measurements differ from those for phase profiling measurements, thus a particular technique 
ma\ be preferable for a particular application, or they may be used to complement one 
another. One draw back of many phase profiling measurements, how ev er, is the measured 
phase dt k i includes 2* fringe ambiguity, for relatively smooth surfaces, relative fringe 
ambiguity over the surface may be interpolated from the data of multiple camera pixels using 
standard fringe unwrapping procedures. More generally, however, it is preferable lo have an 
independent measurement, such as coherence profiling data, lo remove such fringe 
ambiguity. Thus, to obtain absolute surface profile measurements, the coherence prohlmg 
height measurement can be used alone, or it can be used to remove the absolute fringe 
ambi-uilv from the phase profiling measurement, which may he more accurate than (In- 
coherence measurement in some cases. 
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In one such embodiment, the height // determined from a coherence profiling 
measurement is used to calculate an absolute phase profiling height measuremenl //' based on 
phase profiling data lor the phase 0 . -■ (/>(k. ) according lo: 



_://A 



i [0 ■ v v )-(2k,.nli) \ \ 



where ////[ ] returns the nearest integer to its argument. bq. 1 5 can be applied 
independently to every point x.y on the part surface. Again, as is apparent from hq. 1 x 
accounting: for VC( )R y„ iirl and impro\ es the accuracv of the absolute phase proiiim- 
measurement. Moreover, bq. 15 implicitly depends on IVOR dispersion values r. and 
r..,, through the coherence profiling determination of/;. 

figure 29 shows graphically how the frequency transformed coherence prolilmg data 
t/>[k) removes fringe ambiguity from a phase profiling measurement. The line thp/tlk 
showinu the rate of change of phase is ev aluated by taking a tew phase data points about 0 {) . 
The line removes the fringe-order ambiguity, provided we know the phase-axis intercept 
point (/ for the line according to bq. 1 1. The ev aluation is lor a reference scan posit 
J :{). although the raw data for determining phase and phase derivative data r« 
such as that shown in Figure 28. Note that in this graph, the gap (/ is the phase-axis intercept 
point, i.e.. the phase at zero wavenumber. 

To make use of the expressions abov e for calculating absolute height measurements. 
\ alues for IVOR and PC/OR dispersion are determined for the system and the part. I he 
procedure that establishes t_ is a svstem characterization. Svstem characterization ah- 
establishes implicitly the location and shape of the optical profiler datum //. Svstem 
characterization involves a characterization artifact having known optical properties 

and surface form h irl . I he artifact is inserted temporarily in the field of view and a 
measurement of the x, v-dependent phase profile (p (] provides the necessary information for 
determining the svstem phase offset : 



require a scan 
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„,.,„. „ is understood that all values polcntta.lv have an,, field dependence. Note Una .1, 
pm r,|, (Al must lv unwrapped, meaning thai 2.7 Irinyc jumps must he removed muter 

,|,c assumption thai the artifact is a continuous surface. 

l hc procedure defined by 1,,. 1 16) effectively locales the optical profiler damn, // to 
lh e surface of origin of the predetermined surface profile map /, „., . Thus, for example, if 
llw artilac, is known to be perfectly Hat. we can set /, ; , f = «» lor all and the optical ^, 



aalum // is dellned as a plane coincident with the surface of the characterization artifact. 
An> up t.lt or unaccounted-for surface profile information would in .his case he incorporated 
into lhe system phase ollsel 

I )nce the ;< sl , is known, the v alue of x M , can be determined as 



r^^+r^AK-^ 1171 

uhere is lhe experimentally-observed phase gap (see f igure 29): 



ak i -._ u 



Here a-an, all 01 .ho values wuh ,1k ceccpuonol i, and /,„ afccxpcc.cd u. fc»c a. *r A* 
lkr , Mj , m ,. nchucd ,,, opuca, such as clu-o.uauc and spherical ahenmons. , hec 

a,s„ he a dependence on ,1, up and * el ,l,e pa„. v,,uch Ml, is suhsiannal. I» M 

corded and used ,n .he rcmamme calculauons », much .be same «ay as ,l,e v a held 



he re 



Impendence. 

„ i s not necessary to preserve the overall up. till and P-ston of ,he system parameter, 
. r , hl ch are partly a function of the location and orientation of the characterization 
', nl , cl u ,,„'. , hus ,t ,s permitted to subtract common tip. tilt and piston term> front the 
Hcld-dcpcndent ..data, as long as it is done in exactly the same manner .or both ; . 
. Ml as U) ,,eserve the relationship between these terms. 1 his is effected by llrsi rcmov ,n 
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lipllll lrom ; ,.,lK-n,vcalculaUn,T I Adjusting the .i P . ul! ana pm,.., 

,,,„ parameters is equivalent to adjusting the lip. nil and pish... »l the optical profile. 



//. 

Alternative!). ,1 Ave preserve the ox call tip. lilt and piston of the >>slcin parameter- 
i, ; ,. and if the initiali/alion artifact is identical to the characterization artifact, it is 
possible to set one or more of the initial geometric parameters, e.g. „ , .// , . / ' 

zero: realizing that these tip. till and p.ston parameters are already incorporated ,n . : 

We have several options for a eharaeten/ation artifact. I he simplest is an uneoated 
glass part or other pure dielectric. In this case. we know with ureal certainty that :•,„., <> 
;11K , Ul part from tip and till ) r,„ = 0 lor all ,,r. Then assuming that the artifact ha, the cxa, 
same shape as the optical profiler datum we wish to establish, we have sim P l> ;< M . ■ 
( llat dielectric artifact) and r vo =<,\, (dielectric artifact). Note thai the former expression 
defines the location and shape of the optical datum // to be identical to the location an. 
Mii lace shape of the dielectric artifact itself. 

If the artifact is sufficiently transparent. ,1 can remain in the measurement path as a 
permanent part of the system, 1 o characterize the system, the reference mirror scans to a 
position for which the partial surface reflection of the transparent artifact generates 
interference. To measure the test part, the reference mirror is scanned to a position lor whu 
the interference effects from the transparent artifact have nearly zero contrast. In this case, 
care must be taken to accommodate the difference between the phase change on rellectuni 
and on the phase change on transmission for the characterization surface. 

Part PC'OR values ;-„,,, can be calculated from well-established physics principles 
.ovem.n, reflection from an interlace (e.g.. the f resnal equations ) and tabulated v alues to, 
lhc eomplcx refractive index n • ik of the part material. The part PC'OR dispersion v alue 
: can be determined in a manner similar to the system characterization using the 
experimental^ observed phase gap . and known values for ; .... and : 



/\//7 
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I or most pure materials, ue expect the height offset :.,.,„. 2/; U) bo of the same oidei >»l 
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nia-nitudc as 2/;A (l and to have the same sign. An alternative inelliod lor dele 

; 1S U) calculate the dispersion ol calculated PC 'OR \ allies using labulaled \ allies ol 

;/ ■ ik as a function of wavelength. 

I ! .\".i,i:ia :'>'ce-- i't> 

1 or an\ ol the embodiments described abo\e. a one or more controllers or computers 
can bo used to control different components ( e.g.. scanning mirrors and /-stages!, acquire 
data (e.g.. from an IR camera and DM1 detector), and or make calculations (e.g. 1 I I'. I I PO. 
and I PI I) based on the acquired data. The analysis steps described above can be 
implemented in computer programs using standard programming techniques. Such pro-rams 
are designed to execute on programmable computers each comprising an electronic 
processor, a data storage system (including memory and/or storage elements), at least one 
input dev ice, and least one output device, such as a display or printer. The pro-ram code is 
applied to input data (e.g.. images from the camera) to perform the functions described herein 
and generate output information (e.g.. geometric properties of the test object), which is 
applied to one or more output dev ices. Kadi such computer program can be implemented m 
a limb-level procedural or object-oriented programming language, or an asscmbiv or machine 
laimuaue. f urthermore, the language can be a compiled or interpreted language, f.aeh such 
computer program can be stored on a computer readable storage medium (e.g.. CD ROM or 
ma-metie diskette) that when read by a computer can cause the processor in the computer to 
perform the analysis described herein. 

( ) ther 1 a nbodimcnts 

Other embodiments are w ithin the scope of the invention, f or example, rather than, 
or in addition to. calibrating the coordinate systems of the optical profilers b\ using a -age 
block or a displacement measuring interferometer, other embodiments can include capacitne 
.elisors. 1 VI) I . and or optical encoders to monitor the coordinate systems b> the 

optical protilers and the lest part. 

( )lher aspects, advantages, and modifications are within the scope o! the following 

claims. 
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